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In growing-finishing pig houses, ammonia (NH3) is mainly produced by excreta on the
concrete slatted floor surface and in the slurry pit. The objective of this study was to reduce
the amount of NH3 emissions produced on the fouled floor surfaces of growing-finishing
pig houses by finding a slat design that minimises the contact between excreta and
concrete. Concrete slat prototypes were tested with regards to their NH3 emission potential
under fouling simulations. Three factors were studied; the slats cross-section shape, the
presence or absence of a notch along the slats, and the presence or absence of an epoxy
coating applied to the slats. Slats were uniformly fouled with a urea–urease solution.
Immediately after fouling, the slats were inserted in an environmental emission chamber
and NH3 concentrations were measured at 2, 24, 48, 72 and 96 h after the fouling event.
Emission rates were calculated for each of these five sampling events. Statistical analysis
showed that only the presence of a notch had a significant effect on the reduction of NH3
emission rates. Compared with the control design that is typically used in pig houses, the
presence of a notch resulted in average reductions between 23 and 42%.
ª 2010 IAgrE. Published by Elsevier Ltd. All rights reserved.
1. Introduction
Ammonia (NH3) is one of the gaseous emissions from animal
production sites recognised as an important atmospheric
pollutant with major impacts on human health and agro-
ecosystems (Aarnink et al., 1996; Ni et al., 2000). Some of the
most serious consequences caused by NH3 emissions to the
environment are soil and water acidification, loss of biodiver-
sity, eutrophication and indirect contribution to climate change
(as a result of nitrous oxide emissions following NH3 volatili-
sation and redeposition). World-wide, animal husbandry is the
main contributor to anthropogenic NH3 emissions (Steinfeld
et al., 2006).
Ammonia emissions from the livestock sector are essen-
tially related to slurry flow; from the generation in animal
houses until the application of slurry to land, there is potential
for the nitrogen in the slurry to be lost as NH3 under condi-
tions favourable for NH3 volatilisation. In a life cycle assess-
ment carried out in the Netherlands, Thomassen and de Boer
(2007) showed that 99% of the NH3 emitted from the pig sector
is due to on-farm activities. Basset-Mens and van der Werf
(2005) also highlighted, in a life cycle assessment of three
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contrasting pig production systems, that NH3 emissions can
clearly be identified as a weak point of the conventional pig
production system in France. In that study, building
improvements was highlighted as a mitigation measure to
reduce the overall NH3 emissions. The importance of
improved pen design was also emphasised by Van der Peet-
Schwering et al., (1999) as a technical solution in order to
reduce NH3 emissions from pig houses. Van der Peet-
Schwering et al. (1999) identified the reduction of emitting
surfaces as a ‘‘low cost’’ option to achieve improvements in
NH3 emissions from pig houses. In pig houses, emitting
surfaces mostly consist of the slatted floor and the slurry pit.
In pig housing facilities, NH3 production starts when the
nitrogen surplus ingested by the animals is excreted, in the
form of urea (CO(NH2)2) in the pig’s urine. When this urea from
urine makes contact with the urease enzyme, which is present
in the faeces, two molecules of NH3 can be formed from each
molecule of urea (Mobley and Hausinger, 1989). In growing-
finishing pig houses, this reaction generally occurs both on
the slatted floor and in the slurry pit, which is under the slats.
The level of NH3 emissions associated with each of these sites
varies greatly, sinceNH3 emissions frompig housing are closely
related to the conditions prevailing in the pig building (e.g. air
velocity over the floor surface, slatted floor area, area of soiled
floor, room temperature, slurry pH, total ammoniacal nitrogen
concentration in slurry) (Banhazi et al., 2008; Blanes-Vidal et al.,
2008; Cortus et al., 2008; Sommer et al., 2006). This is illustrated
by thewide range ofNH3 emission rates fromexcreta (i.e. urine,
faeces, or both) on concrete that have been reported in the
literature (Table 1). In the case of growing-finishingpig facilities,
most of the studies carried out in order to reduce the in-house
emitting surfaces have focused on mitigation measures
related to the slurry pit (e.g. in-house slurry separation tech-
niques and systems allowing a quicker evacuation of the slurry
from the housing unit), with less research published on specific
techniques related to slatted floors.
Pig buildings are frequently equipped with slatted floors
(Sommer et al., 2006), and concrete is a commonly used
material for these floors (De Belie et al., 1998). In fact, concrete
offers several advantages over other materials (e.g. plastics
and metals) for slats such as better foot traction, less damage
to the claws, longer lifespan and lower investment costs
(Timmerman et al., 2003). On the other hand, it may
contribute to higher NH3 emission (Aarnink et al., 1997;
Pedersen and Ravn, 2008; Pelletier et al., 2005). This potential
inconvenience may be prevented by the application of
a coating on the concrete. This is because less attachment of
faeces can be expected on smoother floor surfaces (Braam and
Swierstra, 1999). Similarly, the overall contact and retention
areas of urea on the concrete may be decreased in order to
reduce the total emitting surfaces, and implicitly, the NH3
emission potential.
Nomenclature
bi Block i
CNH3 ;ch Ammonia concentration in the air sampled from
the chamber, mg m3
CNH3 ;in Ammonia concentration of the fresh air entering
the chamber, mg m3
CNH3N;a Ammoniacal nitrogen concentration in the acid,
as assayed by colorimetry, mg l1
Curea Concentration of the urea solution, mol l
1
cijkl Random effect of block i under conditions ( j,k,l )
Ej Condition j of epoxy presence
ENH3 Ammonia emission rate from the chamber,
mg m2 h1
ENH3ijklm Ammonia emission rate measured during block i
under conditions ( j,k,l ) at time m, mg m2 h1
E0 Absence of epoxy coating applied on the slats
E1 Presence of epoxy coating applied on the slats
eijklm Random effect of the block i under conditions
( j,k,l ) at time m
MN Molecular weight of nitrogen, g mol
1
MNH3 Molecular weight of ammonia, g mol
1
MaxNH3 Maximal ammonia potential, g
Nk Condition k of notch presence
N0 Absence of a notch along the slat
N1 Presence of a notch along the slat
NH3 Ammonia
pH Negative log of the hydrogen ion concentration
Qc Flow rate out of the chamber, l s
1
Qs Sampling rate of air from the chamber through the
bubbler, m3 min1
RH Relative humidity, %
Sl Condition l of cross-section shape type
S1 Trapezoidal cross-section shape of the slat
(control)
S2 T cross-section shape of the slat
S3 Curved cross-section shape of the slat
SEM Standard error of the mean
Tm Time m elapsed since slats were placed in the
chamber, h
ts Time of sampling, min
V Volume of the urea–urease solution absorbed on
the slats, l
Va Volume of the acid solution into which the
sampled air was bubbled, l
Vijk Volume of urea–urease solution absorbed by a slat
during block i under conditions ( j,k,l ), l
v20 Air velocity 20 mm above the surface of the slats,
m s1
a Significance level
b Slope parameter
m Overall mean of the experiment
Subscripts
i Level of blocks (i ¼ 1, 2, 3)
j Level of epoxy condition ( j ¼ E0, E1)
k Level of notch condition (k ¼ N0, N1)
l Level of cross-section shape condition (l ¼ S1, S2,
S3)
m Level of time elapsed since slatswere placed in the
chamber (m ¼ 2, 24, 48, 72, 96)
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This study is part of a larger project where the overall
objective is to reduce the NH3 emissions from the fouled
surfaces of concrete slatted floor in growing-finishing pig
houses. In the first part of this project, promising low-emitting
concrete slat designs were developed, as described in Hamelin
et al., (2007). The specific objective of this study was to eval-
uate and compare the NH3 emission potential of the designs
developed by Hamelin et al. (2007). The research hypothesis
(H) tested can be elaborated as follows:
H: It is possible to reduce the NH3 emission potential from
slatted floors by modifying the slat design in a way that
minimises the contact between urea and concrete:
(Ha) By modifying the overall slat cross-section shape. This
should contribute to reducing the overall contact and
retention areas of urea on the concrete;
(Hb) By applying an epoxy coating on the slat sides and
inferior surfaces. This should result in a smoother surface
and discourage urine and faeces from penetrating into the
concrete pores;
(Hc) By performing a notch along the slat. This should
reduce the side slat areas in contact with the urine by
diverting the flow of urine from the slat sides towards the
pit.
2. Materials and methods
2.1. Experimental design
Three design factors were tested, namely: the cross-section
shape of the slat (S1: control trapezoidal shape; S2: T shape;
S3: curved shape), the presence (N1) or absence (N0) of a notch
along the slat, and the presence (E1) or absence (E0) of
a smooth epoxy coating applied to the slat sides and bottom
surfaces.
The statistical design consisted of a 3  2  2 factorial
treatment design (Table 2). The experimental unit consisted of
an emission chamber, which is detailed in Section 2.3.2. In all
replications, the 12 combinations presented in Table 2 were
Table 1 – Compilation of ammonia emission rates measured from excreta on concrete in the literature.
Reference NH3 Remarks
Original valuea mg h1 mg m2 h1
Svennerstedt, 1999 200 Average maximum value for trapezoidal concrete slats, when the
distance between two successive slats is 30 mm. Slats were fouled
with cow manure (5 kg of solid manure and 3 kg of urine).
Measurements were carried out with a test apparatus consisting of
a steel frame box inside which the floor was inserted.
Elzing and Monteny, 1997 15.65 to
44.82 mg min1
939–2689 2 kg of cow urine was sprinkled over a faeces-fouled concrete floor.
Ammonia emissions were measured for 24 h with a Lindvall box
(Lindvall et al., 1974). Fouling was repeated every day, once a day, for
10 d. These values correspond to the range of emission peakmeasured
for 6 replications, for days 8, 9 and 10 (i.e. they correspond to the
minimum and maximum of 18 values).
Kroodsma et al., 1993 400 Average of 4 measurements, for a dirty slatted floor. A slat from
a cubicle house with heifer was removed and ammonia emissions
were measured with a Lindvall box (Lindvall et al., 1974). This value
was taken from a graph.
Misselbrook et al., 1998 0.1 g NH3-N m
2
761 h1
1.6 1.6 1 m2 of concrete area of which beef cattle previously had access. 1 l of
urine was applied. No manure applied.
Misselbrook et al., 1998 1.5 g NH3-N m
2
291 h1 to 4.3 g
NH3-N m
2 761 h1
62.8–68.7 62.8–68.7 1 m2 of concrete area of which beef cattle previously had access. 1 l of
urine was applied. Prior to urine application, concrete was dirtied with
1 kg of cow manure.
Misselbrook et al., 1998 2.2 g NH3-N m
2
751 h1 to 2.4 g
NH3-N m
2 781 h1
35.6–37.4 35.6–37.4 1 m2 of new concrete area (concrete that has never been used). 1 l of
urine was applied. Prior to urine application, concrete was dirtied with
1 kg of cow manure.
Pedersen and Ravn, 2008 300 mg 0.241 m2 200 833 Concrete slats, long elements. Floor wetted by a solution of ammonia.
Measuring period lasted between 1 and 2 h, 1.5 h was therefore
assumed for unit conversion since exact duration is not specified.
Pelletier et al., 2005 0–21; 0–49 0–75; 0–175 Range of emission rates obtained during the 24 hmeasurement period,
for two different replications. These emissions are for 30 MPa concrete
previously submerged in swine manure for 72 h.
Groenesteinet al., 2006 17.5 This is the maximum volatilisation rate obtained from a removable
concrete tile left in a sow house for 30 d and analysed in a laboratory
during 7 d after fresh urine has been poured on it.
Groenestein et al., 2007 1.1 g d1 (w); 46 (w); Commercial house for 150 sows. Emissions from the waiting (w) and
drinking (d ) area respectively, where the floor is made of concrete
slats.
2.5 g d1 (d) 104 (d)
a Emission rates of NH3, unless otherwise specified. The original value is presented when a conversion was needed to express the result in
mg h1 or mg m2 h1.
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randomly and independently assigned to a chamber. The
experiment was replicated three times.
2.2. Concrete used for the experiment
To construct the slats, commercial concrete was used and its
composition was selected to be consistent with that used in
pig houses in Quebec (Table 3). A wet cure was applied to the
slats as they were all stored in a 100% relative humidity (RH)
chamber for 28 d. After curing, the slats were kept for 40 d in
a roomwhere the RHwasmaintained between 50 and 60% and
the temperature between 20 and 25 C (drying period). For
design combinations 1, 3, 5, 7, 9 and 11 (Table 2), two succes-
sive layers of smooth epoxy coating were applied after the
drying period on the sides and bottom surfaces of the slats.
2.3. Ammonia emissions
2.3.1. Fouling simulations
Since urine is a biological material, and therefore a source of
uncontrolled variation, instead of using animal urine to foul
slats, a solution consisting of urea and urease was prepared.
The typical concentration of urea in pig urine varies between
0.16 and 0.60mol l1 (Pond&Houpt, 1978), thus a urea solution
of 0.40mol l1 was freshly prepared for each test. Immediately
prior to each test, 40 mg of urease enzyme (Type IX from
Canavalia ensiformis; 0.025–0.05 mol urea min1 g1 urease
rated activity at 25 CandpH7.0)wasmixedwith 3 l of the urea
solution for 1 min. To simulate a pig urination event on the
slattedfloor, a fouling stationwas constructed, as illustrated in
Fig. 1. This consisted of a fixed 3 l plastic container that dis-
charged from a 9.5 mm ball valve. The 3 l of urea–urease
solution was applied to each prototype slat. Under the
containerwas a 440mm long by 500mmwide rigid aluminium
plate. Small holes of 3.2mmdiameterweremade on that plate
to ensure the liquid uniformly fouled the tested slats thatwere
inserted underneath. Slatswereweighed before and after they
were fouled in order to evaluate the amount of urea–urease
solution absorbed. Therefore, the maximum NH3 potential
that could be emitted from the fouled slat surfaces could be
evaluated by calculation using Eq. (1):
MaxNH3¼ Curea  V MNH3  2 (1)
where MaxNH3 : Maximum ammonia potential (g); Curea:
Concentration of the urea solution (mol l1); V: Volume of the
urea–urease solution absorbed on the slats (l);MNH3 : Molecular
weight of ammonia (g mol1); and 2: Two molecules of
ammonia can be produced per molecule of urea (mol mol1).
2.3.2. Ammonia emission rate measurements
After the fouling session, the slats were inserted in a stainless
steel emission chamber (900  900  700 mm) designed and
described by Pelletier et al. (2005). A ventilation tube from each
chamberwasconnectedtoablowerandtheflowrateoutofeach
chamber was controlled at 0.47 l s1 by a rotameter in order to
simulate the minimum ventilation conditions found in pig
houses in Quebec. The temperature set point was fixed at
21.0 C.Airwasdrawn into thechambers througha255mmlong
by 2 mm high slit in the chamber lid. Sensors placed in the
chambers monitored the temperature and relative humidity. A
thermal anemometer measured the air velocity 20 mm above
the surface of the slats (v20), at a fixedpre-determined point. For
eachof the three replicates, the12prototypeslatswereassigned
randomly tooneof the 12 chambers. The slats remained in their
chambers for 5 d. Air samples were taken for NH3 analysis at 2,
24, 48, 72 and 96 h after slats were placed in a chamber.
Ammonia concentrations were measured by a wet chemistry
method based on absorption by an acid, as described by Phillips
Table 2 – Description of the 12 slat design treatments constituting the factorial treatment design.
Combination 1 2 3 4 5 6 7 8 9 10 11 12
Cross-sectiona S1 S1 S1 S1 S2 S2 S2 S2 S3 S3 S3 S3
Notchb N1 N1 N0 N0 N1 N1 N0 N0 N1 N1 N0 N0
Epoxyc E1 E0 E1 E0 E1 E0 E1 E0 E1 E0 E1 E0
Schematic diagram of cross-section
a S1: Trapezoidal shape (control), S2: ‘‘T’’ shape, S3: Curved shape (identical to S1, but with the top face slightly curved).
b N0: Without notch, N1: With notch.
c E0: Without epoxy, E1: With epoxy.
Table 3 – Specifications of the concrete used to construct the slats.
Compressive
strength (28 d)
w/ca Cement type Cement
content
Aggregates
size
Slump Entrained air Surface finishing
40 MPa 0.40 GU 410 kg m3 5–10 mm 80 mm 0% Metal trowel
a Ratio of water content to cement content.
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et al., (2001). A volume of 120 l of air was drawn from each
chamber and bubbled through two flasks containing a H2SO4
solution concentrated at 0.1 N, at a rate of 1 l min1. The two
flaskswereconnected inseries; thesecondensuring thatallNH3
would be trapped.
Afterwards, the ammoniacal nitrogen captured in the acid
was assayed by colorimetric analysis and NH3 concentration
within a given chamber was calculated according to Eq. (2):
CNH3;ch¼ CNH3N;a  Va 
MNH3
MN
 1
Qs  ts (2)
where CNH3 ;ch: Ammonia concentration in the air sampled
from the chamber (mg m3); CNH3N;a: Ammoniacal nitrogen
concentration in the acid, as assayed by colorimetry (mg l1);
Va: Volume of the acid solution into which the sampled air
was bubbled (l);MN: Molecular weight of nitrogen (gmol
1); Qs:
Sampling rate of air from the chamber through the bubbler
(m3 min1); and ts: Time of sampling (min).
The NH3 emission rate from each chamber was calculated
using a steady-state mass balance approach (Eq. (3)):
ENH3¼

CNH3 ;ch  CNH3;in

Qc3600
1000 0:0895 (3)
where ENH3 : Ammonia emission rate from the chamber
(mg m2 h1); CNH3 ;in: Ammonia concentration of the fresh air
entering the chamber (mg m3); Qc: Flow rate out of the
chamber (l s1); and 0.0895: Area of slats top surface (m2) (in
Hamelin et al., 2007).
In order to calculate ENH3 , as expressed by Eq. (3), the
concentration of NH3 of the air entering the chamber ðCNH3 ;inÞ
was measured continuously by a non-dispersive infrared
analyser.
2.3.3. pH measurements
A sample of 50 ml was taken from each 3 l of urea–urease
solution prepared before to proceed to the fouling test. This
sample was used for pH measurements. For each 50 ml
sample, 6 pH measurements were taken: a first measure
immediately after the fouling test (T¼ 0), and the five others at
the same time as air samples for NH3 concentration deter-
mination (T ¼ 2 h, T ¼ 24 h, T ¼ 48 h, T ¼ 72 h and T ¼ 96 h).
Samples were left in a room where environmental conditions
were similar to those found in the chambers.
2.4. Statistical analysis
All datawere subjected to ananalysis of covariance (ANCOVA).
Data from different emission chambers and sampling times
were analysed as repeated measurements using the MIXED
procedure of software package SAS v.9.1 for Windows (SAS
Institute Inc., Cary, NC, USA). The covariable considered is the
volume of solution absorbed by the slats (V), since the exact
volume absorbed by the slats is a parameter that could not be
controlled. The influence of the different prototypes on NH3
emission rate was calculated using a statistical model that
includes the fixed effects of the treatments and the random
effects of blocks, as presented in Eq. (4):
ENH3ijklm ¼ mþ bi þ bVijkl þ Ej þNk þ Sl þ ðENÞjk
þ ðESÞjlþðNSÞklþðENSÞjklþcijkl þ Tm
þ ðTEÞjmþðTNÞkmþðTSÞlmþðTENÞjkm
þ ðTESÞjlmþðTNSÞklmþðTENSÞjklmþeijklm ð4Þ
The different parameters considered in the statisticalmodel
(Eq. (4)) are presented in Table 4. To judge whether the
statistical hypothesis ‘‘no treatment effects’’ should be rejec-
ted, the significance level was fixed at a ¼ 0.10. This signifi-
cance level was a consequence of the small sample size. The
risk of a wrong interpretation, e.g. assuming that a given
section shape, notch or epoxy application reduced NH3
emissions (relative to the control slat) when it does not, was
judged, considering the experimental conditions involved in
Fig. 1 – Fouling station used to simulate the pig urination events on the slats.
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this experiment, to be bearable up to a significance level of
a ¼ 0.10.
3. Results
3.1. Urea–urease average absorption on the slats
Themean volume of urea–urease solution absorbed by each of
the 12 slat prototypes tested ranged from 0.025 to 0.061 l (Table
5). The volume of solution absorbed by the slats was calcu-
lated as the difference between the initial weight of the slats
(before fouling simulation) and the weight of the slats just
after the fouling simulation. The corresponding NH3
maximum potential, i.e. the maximum amount of NH3 that
can be emitted if all the urea is converted, ranged from 0.35 to
0.83 g (Table 6). The NH3 potentials presented in Table 6 were
calculated according to Eq. (1).
3.2. Environmental conditions in the emission chambers
The temperature in all 12 chambers remained relatively
constant during the three replications, the average being
20.7 C (Table 7). The relative humidity pattern presented
more variance, being characterised, in all three replications,
by a succession of increases and decreases, which is reflected
by a slightly larger standard error of the mean (SEM) (Table 7).
Such a fluctuating pattern is coherent with the idea that the
urea–urease solution remaining on the slats gradually evap-
orates and is evacuated from the chamber. The average air
velocity measured for all replications was 0.05 m s1 (Table 7).
3.3. pH of the urea–urease solution samples
The range of pHmeasured for the urea–urease samples varied
between 8.87 and 10.13. Fig. 2 presents the pH values of all
samples taken. For all three replicates, an important increase
in pH can be observed between the measurement taken at
T ¼ 0 h and the measurement taken at T ¼ 2 h. The increase
then appears linear from T ¼ 2 to T ¼ 48 h and then the pH
seems to stabilise around a value of 10.
3.4. Effect of the tested factors on ammonia emission
rates
The mean NH3 emission rates from the different soiled slat
types were calculated as in Eq. (3). As no NH3 from the
incoming air was detected by the continuous measurements,
the parameter CNH3 ;in of Eq. (3) was equated to 0. The mean
NH3 emission rates are presented in Table 8 as a function of
the time and the presence (or absence) of a notch along the
slats. The statistical analysis revealed that, for the significance
level considered (a ¼ 0.10), there was a significant interaction
between the cross-section, the notch and the time (S  N  T )
(P < 0.10). The type of cross-section (S) and the presence of an
epoxy coating (E ) did not result in significant differences in
the NH3 emission rates from the fouled slat surfaces. Each
value presented in Table 8 is the mean of 6 values (3 replica-
tions, with and without epoxy), unless otherwise specified.
The average NH3 emission rates ranged between 0.4 and
6.5 mg m2 h1, but this involves important variability as
shown by the standard errors.
The effect of the notch on NH3 emission rates is illustrated
on Fig. 3 a, b and c for slat cross-section shapes S1, S2 and S3,
respectively. For all three shapes (both notched and un-
notched), an important decrease between the emission rates
measured at T ¼ 2 h and at T ¼ 24 h can be observed, illus-
trating that the initial NH3 evaporated rather quickly.
Table 4 – Description of the variables used in the
statistical model.
Variablea Description Level Values
Variables with levels
bi Block 3 1, 2, 3
Ei Presence of epoxy 2 E0, E1
Nk Presence of a notch 2 N0, N1
Sl Cross-section shape type 3 S1, S2, S3
Tm Time elapsed since slats were
placed in the chamber
5 2, 24, 48, 72,
96 h
Other variables
ENH3 ijklm Ammonia emission rate measured during block i under
conditions ( j,k,l ) at time m
m Overall mean of the experiment
b Slope parameter
cijkl Random effect of block i under conditions ( j,k,l )
eijklm Random effect of the block i under conditions ( j,k,l ) at
time m
Vijkl Volume of urea–urease solution absorbed by a slat
during block i under conditions ( j,k,l ) (covariable)
a The subscript designates the different levels.
Table 5 – Volume of urea–urease solution absorbed by the slats (V).
Replication V, l
Slat model
S1N1 E1 S1N1 E0 S1N0 E1 S1N0 E0 S2N1 E1 S2N1 E0 S2N0 E1 S2N0 E0 S3N1 E1 S3N1 E0 S3N0 E1 S3N0 E0
1 0.068 0.065 0.052 0.042 0.038 0.048 0.046 0.054 0.042 0.036 0.030 0.020
2 0.062 0.040 0.050 0.050 0.050 0.066 0.056 0.062 0.040 0.046 0.024 0.028
3 0.052 0.034 0.062 0.052 0.060 0.050 0.056 0.050 0.032 0.040 0.028 0.028
Mean 0.061 0.046 0.055 0.048 0.049 0.055 0.053 0.055 0.038 0.041 0.027 0.025
SEMa 0.005 0.004 0.009 0.003 0.006 0.006 0.003 0.004 0.003 0.003 0.002 0.003
a Standard error of the mean.
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Though the NH3 emission reductions obtained with the
presence of a notch (as compared to the control slat S1N0)
varied highly for the different sampling times (Table 8), net
mean reductions were obtained for all section shapes.
4. Discussion
The only tested factor that significantly reduced NH3 emis-
sions from the fouled slat surfaceswas the presence of a notch
(for the significance level of 0.10). Neither the slat cross-
section shape nor the presence of an epoxy coating contrib-
uted to significant differences in the NH3 emission potentials
from the slats. Based on the present results, and on those of
previous experiments, the coating effect on the reduction of
NH3 emission potential appears quite unclear. In fact, while
Pelletier et al. (2005) observed lower emission rates from
concrete specimens covered with epoxy sealer (as compared
to un-covered specimens), Swierstra et al., (1995) did not
obtain statistically significant reductions in NH3 emissions for
solid and slatted concrete floors on which an epoxy layer was
applied. Pelletier et al. (2005) did not mention if the observed
reductions were statistically significant or not. Though it is
generally acknowledged that increases of surface roughness
lead to increases in urease activity (i.e. the conversion rate of
urea to NH3) (e.g. Aarnink et al., 1997; Braam and Swierstra,
1999), reductions in NH3 emission caused by decreases in
surface roughness through the application of coatings do not
seem to have been measured in practice.
As shown in Table 9, the presence of a notch reduced, on
average, the measured NH3 emissions between 23 and 42%,
compared with the control slat model. This seems promising;
however, it is less than the reductions of 69%, 80% and 41%
expected by Hamelin et al. (2007) for the notched versions of
S1, S2 and S3, respectively. Hamelin et al. (2007) anticipated
these reductions based on measurements of soiled areas on
the notched and un-notched prototypes, under controlled
fouling simulations. The reduction of soiled surfaces
measured by Hamelin et al. (2007) for the notched specimens
was linearly related to a reduction in NH3 emission rates based
on the positive linear relation between NH3 emissions and
emitting surface areas mentioned by Elzing and Monteny
(1997). This discrepancy between the expected and observed
results could indicate that the correlation between NH3
emission reductions and contact surface areas between urine
and concrete may not be linear.
The largest average reductions, when compared with the
control trapezoidal slat, were obtained with S2. Average
emission reductions from the notched version of S3 and S1
were similar (26% and 23%, respectively). Since the notch
performed on these cross-section shapes was exactly the
same, this seems to indicate that a curved surface does not
help to diminish the NH3 emission potential from the fouled
concrete slat surfaces.
Overall, the NH3 emission rates monitored during the
experiment varied between 0 (minimum recorded) and
13.5 mg m2 h1 (maximum recorded). These emission rates
are lower than those found in the literature for similar
experiments, as highlighted in Table 1. However, this does
not affect the conclusions to be drawn from the present
experiment, as the objective was to make relative compar-
isons between the selected slat prototypes and the control
slat.
Lower emission rates obtained in the current experiment
could be due to the rapid drying of the urea–urease solution on
the concrete and to the fact that the concretewas new. In their
experiment, Misselbrook, Pain, and Headon (1998) also
obtained lower emission rates with new concrete when it was
compared with concrete that was previously used. This is
probably due to the higher amount of urease available for urea
degradationwithused concrete, since there is likely to be some
faecal material present on the concrete surface as well as
trapped in theconcretepores. In thisexperiment,newconcrete
was used in order to limit the amount of uncontrolled param-
eters, so the differences observed in the NH3 emission rates
could not be attributed to a difference in the amount of faecal
Table 6 – Average maximal ammonia potential ðMAXNH3 Þ that can be emitted from the soiled slat surfaces.
MAXNH3 , g
Slat model
S1N1 E1 S1N1 E0 S1N0 E1 S1N0 E0 S2N1 E1 S2N1 E0 S2N0 E1 S2N0 E0 S3N1 E1 S3N1 E0 S3N0 E1 S3N0 E0
Meana 0.83 0.63 0.74 0.65 0.67 0.74 0.72 0.75 0.52 0.55 0.37 0.35
SEMb 0.06 0.13 0.05 0.04 0.09 0.08 0.05 0.05 0.04 0.04 0.02 0.04
a The value of V used for calculations (Eq. (1)) corresponds to the values in the ‘‘mean’’ row of Table 5.
b Standard error of the mean.
Table 7 – Average environmental conditions in chambers
during the 3 replications.
Replication Temperature
inside
chambers, C
Relative
humidity
inside
chambers, %
Air velocity
20 mm above
the slats, m s1
1 20.4 39 0.09
2 21.0 37 0.01
3 20.6 26 0.04
Mean 20.7 34 0.05
SEMa 0.2 4 0.02
a Standard error of the mean.
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material retained in the concrete. However, concrete surfaces
themselves are uneven, since the pore distribution, size and
interconnectivity within the concrete is most certainly
different fromone slat to another. Therefore, if the experiment
is to be repeated, it is recommended that the slats should be
fouled before the experiment to provide more realistic emis-
sions. Slats may also be fouled during the experiment which
would better simulate the effect of the replacement of old
puddles by fresh urine.
Another explanation to consider for the low NH3 emis-
sion rates in this experiment is the total potential of the
slats to volatilise NH3, which was limited by the volume of
urea–urease solution absorbed by the slats (Table 5). In fact,
if 100% of the urea was converted to NH3, the maximum
quantity of NH3 to be generated was no more than 0.35–
0.83 g (Table 6). Yet, the amounts of NH3 measured were far
from the maximum potentials. Table 10 presents the mean
NH3 measured from the different soiled slat types in both
mass terms and as a percentage of the total potential NH3 in
the urea–urease solution present on the slat. The potential
was assumed to be a maximum at T ¼ 2 h and for T ¼ 24 h to
T ¼ 96 h, the amount measured in previous times was
subtracted from the maximum potential. This shows that
the maximum NH3 emitted for the whole test corresponds
to 0.01% of the maximal potential. These results suggest
that the urease activity, i.e. the maximum urea conversion
rate, was limiting to NH3 emission. In this experiment, the
amount of urease to be used in the fouling simulations was
determined according to the rated activity provided by the
manufacturer. It is possible that the activity was in fact
much lower. However, it is still unclear from past research
whether urease will develop non-limiting activity levels on
areas of concrete that are fouled intermittently (Cortus,
2006).
Fig. 2 – pH measurements of the urea–urease solution applied on all slats prototypes.
Table 8 – Average NH3 emission rates according to the S 3 N 3 T interaction.
T, h NH3 emission rates and SEM
a, mg m2 h1
Slat cross-section shape (S) and notch (N)
S1 S2 S3
N0 N1b N0 N1 N0 N1
2 3.8 (1.2) 4.0 (0.4) 6.5 (2.2) 2.7 (0.7) 5.6 (1.7) 4.2 (1.4)
24 2.5 (1.6) 1.0 (0.4) 1.4 (0.6) 1.6 (0.5) 3.4 (1.3) 1.4 (0.6)
48 3.1 (1.3) 0.4 (0.2) 1.3 (0.6) 0.7 (0.4) 1.5 (0.9) 1.8 (0.8)
72 2.9 (1.1) 3.2 (1.2) 1.7 (0.7) 1.6 (0.6) 2.3 (1.4) 1.2 (0.5)
96 0.6 (0.3) 1.4 (0.6) 1.3 (1.4) 0.9 (0.6) 1.4 (0.7) 0.7 (0.4)
Mean 2.6 2.0 2.5 1.5 2.8 1.9
a Standard error of the mean (SEM) is indicated in parenthesis.
b Results presented in this column are the average of 5 values, as there were missing values in the first trial.
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The statistical analysis performed indicated a strong effect
of the time. For all slat shapes, notched and un-notched, the
highest emission rates were obtained at T ¼ 2 h and emission
rates presented an important decrease between T ¼ 2 h and
T ¼ 24 h (Fig. 3). This was to be expected, as the NH3 generated
was extracted through the ventilation system. This also
correlated well with the pH measurements, which strongly
increased between T ¼ 0 and T ¼ 2 (Fig. 2). Since it is well
known that NH3 emission increases with rising pH, this
important initial increase in the pH values may indicate that
most of the volatilisation took place immediately after the
fouling event, which would also explain the low emission
rates measured.
A certain increase in the NH3 emission rate occurred after
the initial decrease, and this occurred in all treatments (Fig. 3).
This increase occurred between T ¼ 24 h and T ¼ 48 h for S1N0
and S3N1, and between T ¼ 48 h and T ¼ 72 h for all other slat
prototypes. A possible explanation for this can be that the rate
of water evaporation of the urea–urease solution present on
the concrete slats exceeded the rate of NH3 volatilisation: the
resulting NH3 concentration in the remaining solution then
increased, and a sudden emission to the surroundings
occurred. Another possible explanation for this second
increase of emissions could be that the NH3 trapped in the
concrete pores solution started to volatilise.
Fig. 3 – Effect of the notch on ammonia emission rates for
S1 (a), S2 (b) and S3 (c). Squares are un-notched prototypes
(N0) and circles are the notched prototypes (N1).
Table 9 – Ammonia emission reductions for notched slats
compared to control slat.
Emission reductions, %a
Slat cross-section shape (S) and reductionsb
T, h S1 S2 S3
2 þ5 30 þ12
24 60 38 43
48 86 78 42
72 þ9 45 57
96 þ146 þ63 þ29
Meanc 23 42 26
a The sign ‘‘þ’’ indicates that the presence of a notch increased the
NH3 emission.
b NH3 emission reductions when compared to the control slat
S1N0.
c The values found in this row are the reductions calculated from
the mean emissions, as presented in the ‘‘mean’’ row in Table 8.
Table 10 – Mean ammonia measured from the different soiled slats types for each level of Tm. Values in mg and as
a percentage of the total potential ðMAXNH3 Þ.
Slat T, h
NH3
2 24 48 72 96
mg % of MAXNH3 mg % of MAXNH33 mg % of MAXNH3 mg % of MAXNH3 mg % of MAXNH3
S1N0 24.4 0.003 15.9 0.002 19.7 0.003 18.5 0.003 3.6 0.001
S1N1 24.6 0.003 5.9 0.001 1.9 0.000 18.8 0.003 7.6 0.001
S2N0 42.3 0.006 8.9 0.001 8.2 0.001 10.9 0.001 8.5 0.001
S2N1 17.2 0.002 9.9 0.001 8.5 0.001 10.1 0.001 5.9 0.001
S3N0 35.8 0.010 21.2 0.006 9.3 0.003 14.7 0.004 9.0 0.002
S3N1 27.6 0.005 9.1 0.002 11.5 0.002 7.9 0.001 4.7 0.001
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5. Conclusions
Ammonia emission potentials from fouled concrete slatted
floors were successfully reduced, when compared to trape-
zoidal slats, bymodifying the slat design. Themain findings of
this research can be grouped into four points:
1. The experiments validated the hypothesis that cutting
a notch along the slats significantly contributes, for
a significance level of a ¼ 0.10, to reduce NH3 emissions
from the fouled slat surfaces (Hc). Modifying the slat cross-
section shape, however, did not have any significant effect
on NH3 emissions from the fouled floor surfaces (Ha).
Similarly, the application of an epoxy coating on the slats
did not have any significant effect on NH3 emissions from
the fouled floor surfaces (Hb).
2. Average reductions of 23, 42 and 26% have been obtained
for S1, S2 and S3, respectively, in comparison with a control
trapezoidal un-notched slat cross-section shape. This
seems promising; however, it is less than the reductions of
69, 80, and 41% for S1, S2 and S3, respectively, estimated in
earlier work (Hamelin et al., 2007). These earlier estimates
were based on assuming a linear correlation between NH3
emissions and reduction of the contact surface areas
between concrete and urine. The relationship between NH3
emissions and contact surface areas may not be linear.
3. Overall, the NH3 emission rates monitored during the
experiment varied between 0 and 13.5 mg m2 h1
(respective minimum and maximum measured), which is
much less than the emission rates found in the literature.
This was attributed to the fact that the concrete used for
this experiment was new and to a urease activity that was
limiting to NH3 emissions. Based on an important pH
increase between the fouling event and the first NH3
measurement (T ¼ 2 h after the fouling event), it was also
suggested that most of the NH3 volatilised before the first
measurement. It was recommended that, for concrete
emission studies to be carried out in an animal production
context, concrete should be fouled before and during the
experiment, to provide more realistic emissions and allow
the effect of new urinations impacting on old puddles to be
taken into account. It is, however, believed that the lower
emission rates measured in this study compared to those
measured in the literature do not affect the conclusions
since the objective was to compare selected slat prototypes
with a control slat.
4. For all slat prototypes, a certain increase in the emission
pattern took place between T ¼ 24 h and T ¼ 72 h after the
fouling session, according to the prototype. The
phenomena suggested to explain this increase are (1) the
rate of water evaporation of the urea–urease solution
exceeded the rate of NH3 volatilisation, or/and (2) the
aqueous NH3 trapped in the concrete pores volatilised.
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